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The complete mitochondrial genomes of intermediate host snails for Schistosoma in China were
sequenced, including the sub-species Oncomelania hupensis hupensis in two types, and O. hupensis robert-
soni, intermediate hosts for S. japonicum, and Tricula hortensis, the intermediate host of S. sinensium. Four
genomes have completely the same gene order as in other caenogastropods, containing 13 protein-coding
genes and 22 transfer RNAs. The gene size, start codon and termination codon are mostly the same for all
protein-coding genes. However, pairwise sequence alignments revealed quite different degrees of varia-
tion. The ribbed-shelled O. hupensis hupensis and the smooth-shelled but with varix O. hupensis hupensis
had a lower level of genetic distance (3.1% for protein-coding genes), but the coden usages differed obvi-
ously in the mitochondrial genomes of these two types of snails, implying that their genetic difference
may be larger than previously recognized. The mean genetic distance between O. hupensis hupensis
and O. hupensis robertsoni was 12% for protein-coding genes, indicating a higher degree of genetic differ-
ence. In consideration of the difference in morphology and distribution, we considered that O. hupensis
hupensis and O. hupensis robertsoni can be considered as separate species. The ribbed-shelled O. hupensis
hupensis and smooth-shelled O. hupensis robertsoni were phylogenetically clustered together within a
same clade, which was then clustered with T. hortensis, conﬁrming their close relationship. However, spe-
cies or sub-species in the Oncomelania from southeastern Asian countries should be included in future
study in order to resolve the phylogenetic relationship and origination of all snails in the genus.
 2010 Elsevier Inc. All rights reserved.1. Introduction
Snails in genera Oncomelania and Tricula in the Pomatiopsidae
(Mollusca: Gastropoda) serve as the intermediate host of Schisto-
soma japonicum and S. sinensium, respectively. Several sub-species
of O. hupensis are known to transmit S. japonicum in China, which
is the most virulent species of schistosomes (Ross et al., 2001).
T. hortensis is the intermediate host of S. sinensium, another schisto-
some infecting only rodents in southwest China (Bao, 1958; Att-
wood et al., 2003). The taxonomy of O. hupensis in China has been
a dispute for decades, due to the variation in shell sculpture,
operculum, etc. (Liu et al., 1981; Davis et al., 1995; Wilke et al.,
2000). In general, two morphotypes, i.e., ribbed- and smooth-
shelled O. hupensis can be distinguished. In Yunnan and Sichuan
Provinces, the snails are smaller, smooth-shelled with no varix,
and are considered as the sub-species O. hupensis robertsoni (Liu
et al., 1981; Davis et al., 1995, 1999a). In the middle and lowerll rights reserved.(mid-low) reaches of Yangtze River, another sub-species O. hupensis
hupensis is distributed, and this sub-species is much longer than
O. h. robertsoni, which however has varix, no matter whether the
shell is ribbed or smooth (Davis et al., 1995; Wilke et al., 2000). In
Fujian Province and Guangxi Autonomous region, the snails are
smooth-shelled also with varix, but are assigned to the sub-species
O. hupensis tangi (Davis et al., 1995), and recently snails distributed
in Fujian and Guangxi were further separated as different sub-spe-
cies (Li et al., 2009). However, Fujian and Guangxi are geologically
separated from the Yangtze River drainage (Ross et al., 2001), and
these snails are now almost impossible to collect due to continuous
control measures (Ross et al., 2001; Zhou et al., 2005). Over the past
a few decades, genetic diversity or differences of these snails have
been the focus of several studies by using individual mitochondrial
genes or nuclear genes (e.g., Davis et al., 1995; Li et al., 2009; Zhao
et al., 2010). However, the phylogenetic relationship among these
sub-species or different morphotypes has never been investigated
before, whichmay shed some light on the evolution and origination
of these snails in China or even in the region where Oncomelania
snails are distributed.
216 Q.-P. Zhao et al. /Molecular Phylogenetics and Evolution 57 (2010) 215–226Tricula hortensis was ﬁrst collected in 1956, from Mianzhu
county, Sichuan Province, by Bao (1958), and was known as the
‘Mianzhu snail’, which was recently deﬁned as the new species
by Attwood et al. (2003). Phylogenetic analyses showed that
S. sinensium is a sister to the S. japonicum group (Agatsuma et al.,
2001), and it was hypothesized that Tricula snails, which arrived
in southwest China from India by the Tibetan orogeny, reached
Sichuan from Tibet as ancestor of T. hortensis (Davis, 1979;
Attwood et al., 2002a), and its parasite S. sinensiummay have given
rise to S. japonicum as part of its gene pool (Attwood, 2001). T. hort-
ensis was thought to be of great interest for understanding the
origin and radiation of both Asian schistosomes and their interme-
diate hosts (Attwood et al., 2003). It would also be very much inter-
esting to understand the phylogenetic relationship between T.
hortensis and O. hupensis.
Mitochondrial (mt) genomes have been proved to be a powerful
marker in resolving phylogenetic relationship among intraphylum
taxa (e.g., Bandyopadhyay et al., 2006; Knudsen et al., 2006;
Zarowiecki et al., 2007), and comparisons of mt genomes may pro-
vide further information in understanding the genetic difference
among taxa (Boore et al., 2005; Hassanin et al., 2005). The present
study was thus designed to clone the complete mt genomes of the
ribbed-shelled O. hupensis hupensis, the smooth-shelled but with
varix O. hupensis hupensis, and the smooth-shelled O. hupensis rob-
ertsoni, and T. hortensis. The phylogenetic relationship of O. hupen-
sis hupensis, and O. hupensis robertsoni, as well as T. hortensis were
further analysed with the inclusion of available mt genomes of
other gastropods. The species identity of ribbed-shelled O. hupensis
hupensis and smooth-shelled O. hupensis robertsoni, inferred from
the mt genomes was then discussed.
2. Materials and methods
2.1. Snail samples
Ribbed-shelled O. hupensis hupensiswere collected using forceps
on 14 April 2006 in irrigation channels (3011020.600N;
11210054.800E) in Gong’an county, Hubei Province, China. Smooth-
shelled but with varix O. hupensis hupensis were collected on 10
May 2006 in hilly area (3053018.600N; 11825027.500E) in Nanlin
county, Anhui Province, China. Smooth-shelledwith no varixO. hup-
ensis robertsoniwere collectedon16 June 2006 in irrigation channels
(2749004.200N, 10222010.100E) of mountainous suburb area of Xi-
chang city, Sichuan Province, China. Tricula hortensiswere collected
on 9 November 2007 in areas (3115024.100N, 10406038.400E) of
Mianzhu city, Sichuan province, China; these small snails were
found in irrigation channels, several miles away from its type local-
ity (Attwood et al., 2003). A total of about 1000 live specimens were
obtained on each occasion and were brought back to laboratory,
where they were washed with pure water after about one month
captivity, and then checked microscopically to ensure that schisto-
some-uninfected snails were selected for the experiment. The
head-footmuscle of about 30 snails fromeach localitywas dissected
out individually under amicroscope after beingwashed in 0.3%NaCl
solution, and then preserved in 70% ethanol.2.2. Sequencing of mitochondrial genomes
Total genomic DNA was extracted separately for specimens col-
lected from different localities using a standard proteinase K/SDS
extraction method (Sambrook et al., 2002). In brief, tissue samples
from each location were incubated and thawed in 2 ml extraction
buffer (50 mM Tris–HCl, 50 mM EDTA, 100 mM NaCl, 1% SDS,
100 lg/ml proteinase K), at 56 C for 2 h with gentle mixing. DNA
in solution was extracted using standard phenol/chloroform puriﬁ-cation, followed by 3 M sodium acetate (pH5.2) and ethanol pre-
cipitation. Pellets of DNA were washed in 70% ethanol, air-dried,
and re-suspended in 300 ll TE (pH 8.0).
The total length of mtDNA was ampliﬁed by using polymerase
chain reaction (PCR). In brief, two small segments (COI and Cytb)
were ampliﬁed from total DNA using the primer COI F/R and Cytb
F/R (Appendix A) based on the available GenBank sequences
AF531547 and AF192521. The ampliﬁed PCR products were cloned
into pTA-2 vector, and then transformed into Escherichia coli strain
DH5a. The recombinant clones were selected and sequenced using
ABI PRISM BigDye Terminators v3.0 Cycle Sequencing (ABI). The
mtDNA sequences were then ampliﬁed from total DNA by long
PCR method using the Takara LA Taq (Takara BIO) in 35 cycles of
denaturation at 98 C for 10 s, with annealing and extension both
at 68 C for 10 min with the primers, LA-1F/R and LA-2F/R (Appen-
dix A), designed based on the cloned COI and Cytb segment se-
quences. The ampliﬁed DNA fragments were approximately 8 kb
and 7 kb, respectively, which extended from downstream of COI
to upstream of Cytb, and from downstream of Cytb to upstream
of COI. After puriﬁed with DNA gel extraction kit (Omega Bio-
Tek), each large fragment of the mtDNA from long PCR was di-
gested by restriction enzyme MbolI or HindIII. Several fragments
were selected, and ligated into compatible BamHI or HindIII sites
of digested pUC19 plasmid. This digested plasmid was prepared
as the followings: plasmid DNAs from pUC19 vectors were isolated
from cultures of E. coli strain DH5a (E.Z.N.A.™ Plasmid Miniprep
Kit, Omega Bio-Tek), and linearized with the enzyme BamHI and
HindIII, respectively, and then dephosphorylated with calf alkaline
phosphatase (CIAP) prior to being ligated with digested snail
mtDNA fragments. Recombinant clones ligated from above di-
gested long PCR fragments and pUC19 plasmid were ampliﬁed
after being transformed into E. coli DH5a and the nucleotide se-
quences were determined from multiple clones. Sequences data
were analyzed by BLAST to conﬁrm the site in mtDNA by compar-
ing with their gastropod counterparts. Based on the sequences
from digested mtDNA, a series of primers (Appendix A) were de-
signed to amplify fragments of the mt genome, which were cloned
into pTA-2 vector and transformed into E. coli DH5a for sequencing
as performed above.
The complete mtDNA genomes of ribbed-shelled O. hupen-
sis hupensis and smooth-shelled O. hupensis robertsoni, and
Tricula hortensis were cloned using the above strategies. These
sequences were aligned to identify some conserved regions
for designing primers (Appendix A) in order to amplify the
mt genome of smooth-shelled but with varix O. hupensis hup-
ensis, with the above-described cloning and sequencing
measures.
All sequence data were analysed and arranged to create the
full genome using the Seqman program from DNASTAR (http://
www.DNASTAR.com). The complete nucleotide sequences
were submitted to the GenBank database with the following
accession numbers, EU001660, EU871630, EU079378 and
EU440735 for O. hupensis hupensis (ribbed-shelled), O. hupensis
hupensis (smooth-shelled), O. hupensis robertsoni and T. hortensi,
respectively.
2.3. Molecular analysis of sequence data
Protein-coding genes were analysed by the Open Reading
Frame Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) using
the invertebrate mitochondrial code. Protein and ribosomal RNA
(rRNA) were identiﬁed by their similarity of inferred sequences
to those of other published gastropod mtDNAs by BLAST search
(http://www.ncbi.nlm.nih.gov/BLAST). The 50 and 30 ends of the
rrnS and rrnL were assumed to be adjacent to the ﬂanking
tRNA genes. Transfer RNA (tRNA) genes were identiﬁed using
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ics.wustl.edu/eddy/tRNAscan-SE) (Lowe and Eddy, 1997) using
the invertebrate mitochondrial codon or manually when tRNA
genes were not recognized by this program. Potential secondary
structure for identiﬁed tRNAs was determined in tRNAscan, by
their ability to fold into the cloverleaf structures with antico-
dons. Nucleotide codon usage for each protein-encoding gene
was determined using the program DnaSP (Rozas and Rozas,
1999).
2.4. Phylogenetic analysis
Combined amino acid sequences from ribbed-shelled O. hup-
ensis hupensis, O. hupensis robertsoni and T. hortensis were
aligned with ClustalX1.83 (Thompson et al., 1997) at default set-
ting followed by manual correction. The phylogenetic analyses
were based on the gastropod species whose complete mitochon-
drial sequences are publicly available. Gastropod species in-
cluded are, with their mt genome accession numbers indicated
in parentheses: Conus textile (DQ862058), Conus borgesi
(EU827198), Fusiturris similis (EU827197), Terebra dimidiate
(EU827196), Bolinus brandaris (EU827194), Thais clavigera
(DQ159954), Nassarius reticulates (EU 827201), Cymatium parthe-
nopeum (EU827200), Cymbium olla (EU827199), Cancellaria can-
cellata (EU827195), Rapana venosa (EU170053), Ilyanassa
obsoleta (DQ238598), Lophiotoma cerithiformis (DQ284754), Hal-
iotos rubra (AY588938), Haliotis tuberculata tuberculata
(FJ599667), Lottia digitalis (DQ238599), Aplysia californica
(AY569552), Roboastra europaea (AY083457), Ascobulla fragilis
(AY345022), Elysia chlorotica (EU599581), Pupa strigosa
(AB028237), Albinaria coerulea (X83390), Myosotella myosotis
(AY345053), Siphonaria pectinata (AY345049), Onchidella celtica
(AY345048), Biomphalaria tenagophila (EF433576), Biomphalaria
glabrata (AY380531), Cepaea nemoralis (U23045) and Pyramidella
dolabrata (AY345054). The Cephalopoda Sepia ofﬁcinalis
(AB240155) served as outgroup. Two methods were used to per-
form phylogenetic analyses: maximum likelihood (ML) and
Bayesian inference (BI). The ML analysis was conducted with
PHYML2.4.4 program (Guindon and Gascuel, 2003) for 100 repli-
cates. BI was performed on combined database using MrBayes
3.1 (Huelsenbeck and Ronquist, 2001) for 1000,000 generations
with random starting tree, and four Marko chains (with default
heating values) sampled every 100 updates. MtRev + I + G + F
evolutionary model was determined as the best-ﬁt model of
amino acid evolution by ProtTest version 2.4 (Abascal et al.,
2005) at the default setting based on Akaike information crite-
rion (AIC).
2.5. Sliding window analysis
To detect variable nucleotide sites, pairwise alignments of
complete genomes including tRNAs and all intergenic (non-cod-
ing) spaces were performed using ClustalX1.83 (Thompson et al.,
1997), and four pairs were included: between two kinds of O.
hupensis hupensis, between O. hupensis hupensis and O. hupensis
robertsoni, between O. hupensis robertsoni and T. hortensis, be-
tween O. hupensis hupensis and T. hortensis. A sliding window
analysis, using DnaSP (Rozas and Rozas, 1999) was conducted
with window/step sizes of 300/10, 24/3 and 1/1. Correlation
analyses between pairs were carried out to establish whether
the distribution of divergent characters was conserved between
different phylogenetic levels. Because of the low variation be-
tween two O. hupensis hupensis, we used ribbed-shelled O. hup-
ensis hupensis as the only O. hupensis hupensis in sliding
window analysis.3. Results
3.1. Genome size, organization and codon usage
The size of the complete mitochondrial genomes is 15,186,
15,186, 15,191 and 15,179 bp, and the base counts yield A + T com-
position of 67.33%, 67.38%, 67.24% and 72.95% for ribbed-shelled O.
hupensis hupensis, smooth-shelled O. hupensis hupensis, O. hupensis
robertsoni and T. hortensis, respectively. All mitochondrial genomes
have same gene order and contain 13 protein-coding genes, includ-
ing subunits 1–3 of cytochrome c oxidase, COI-III; cytochrome b,
Cytb; subunits 6 and 8 of ATPase, ATP6 and ATP8; subunits 1–6
and 4 L of NADH dehydrogenase, ND1–6 and ND4L, 2 ribosomal
RNAs (rrnS and rrnL), and 22 transfer RNAs. All of the protein genes
and rRNA genes are transcribed from the same strand of the mol-
ecule in the same order, which is completely the same with other
published mt genomes in Caenogastropoda. Of the 22 tRNA genes,
14 are transcribed from the same strand as the protein gene mes-
sages, and the remaining 8 are transcribed from another strand
(Fig. 1). Except coding regions, the genome also features 20 non-
coding regions for the three kinds of Oncomelania and 22 non-cod-
ing regions for T. hortensis, with a total of 250, 253, 257 and 264
non-coding bases, ranging in size from 1 to 73, 1 to 72, 1 to 69
and 1 to 79 bp for O. hupensis hupensis (ribbed-shelled), O. hupensis
hupensis (smooth-shelled with varix), O. hupensis robertsoni
(smooth-shelled with no varix) and T. hortensis, respectively
(Fig. 1). The largest non-coding fragments consist of 73, 72, 69
and 79 bases, respectively, and located between genes tRNAphe
and COIII, resulting in a complex cruciform structure (Fig. 2). It is
unclear which of the unassigned sequences may act as the control
region.
The 22 tRNAs were identiﬁed by their cloverleaf structures and
the anticodon in the intergenic regions. However, little difference
was detected in the structure of each tRNA in all these snails, ex-
cept the base and size composition. For the two O. hupensis hupen-
sis, most of tRNAs are even completely the same, with only 8 of
them having some difference in one or two bases. Predicted sec-
ondary structures for tRNAs are shown in Fig. 3 for ribbed-shelled
O. hupensis hupensis. A standard cloverleaf structure was inferred
for most tRNAs although those for tRNAser were found lacking
the DHU arm. These genes can also be fold into a tRNA-like second-
ary structure, except that the sequence lying between the amino-
acyl and anticodon arms formed as a simple loop designated the
DHU-arm replacement loop. DHU-arm replacement loop-contain-
ing tRNAser were also found in other molluscs (Bandyopadhyay
et al., 2006; Littlewood et al., 2006).
Although the GC content was 32% and 27% for the three kinds
of Oncomelania and for T. hortensis, respectively, there has little
difference in coding percent of them, all about 73%, which is
comparable to other Gastropoda mt genomes (GC content from
24% for B. tenagophila to 44% for M. myosotis, coding percent from
43% for L. digitalis to 78% B. tenagophila). All 13 protein-coding
genes start with methionine (Met; ATG, N = 12; ATA, N = 1). For
three Oncomelania, all protein-coding genes end in full termina-
tion codon (TAA, N = 8 and TAG, N = 4 for two kinds of O. hup-
ensis hupensis; TAA, N = 7 and TAG, N = 5 for O. hupensis
robertsoni) except ND1 genes which end with truncated termina-
tion codon T. Posttranscriptional poly-adenylation may generate
a complete termination codon TAA. For T. hortensis, ND1 and
ND5 genes also end with truncated termination codon T, which
could generate a complete termination condon as described
above, all the remaining genes end in full termination codons
(TAA, N = 9; TAG, N = 2) (Table 1). The size of mt-protein genes
in T. hortensis, except ND4 and ND5, is larger than those in Onco-
melania, while the other genes have the same size in these exam-
Fig. 2. A stable secondary structure of the largest non-coding region of genome for each species. The largest segments are 73 bases, 72 bases, 69 bases and 79 bases for ribbed-
shelled O. hupensis hupensis, smooth-shelled O. hupensis hupensis, O. hupensis robertsoni and T. hortensis, respectively, between tRNAphe and COIII genes. The separation and
rearrangement of each of the complementary strands could result in a complex cruciform structure, fold into the 45, 42, 42 and 49 bp hairpin structure due to the occurrence
of a perfect inverted repeat of 17, 16, 16 and 19 bases separated by 11, 10, 10 and 10 bases for two kinds of O. hupensis hupensis, O. hupensis robertsoni and T. hortensis,
respectively.
Fig. 1. Comparison of gene arrangement between O. hupensis hupensis, O. hupensis robertsoni and T. hortensis. Each tRNA gene is identiﬁed by the one letter amino acid code,
and the individual serine and leucine tRNA genes are identiﬁed by the ﬁrst letter of the codon family (in parentheses). Most of the genes are transcribed in the same direction,
and the last 8 tRNAs which were encoded on the opposite strand were underlined, and arrows indicate the direction. Numbers at gene boundaries indicate apparently non-
coding nucleotides between genes. The -3 between tRNATrp (W) and tRNAGln (Q) indicates the overlap of 3 nucleotides. The solid area is the longest non-coding region
including a perfect inverted repeat sequence (Fig. 2). For O. hupensis hupensis, the numbers in bracket are non-coding regions of smooth-shelled O. hupensis hupensiswhich are
different from ribbed-shelled O. hupensis hupensis at corresponding sites.
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interesting to note that the gene size, start condon and termina-tion condon are completely the same for all protein-coding genes
in two kinds of O. hupensis hupensis.
Fig. 3. Inferred secondary structure of the 22 mitochondrial tRNAs from ribbed-shelled O. hupensis hupensis. The identity and size in nucleotides (nt) of each tRNA gene are
shown. DHU arm is missing in tRNASer (AGN) and tRNASer (UCN), and possible secondary interaction between nucleotides in the DHU-replacement and variable loop is shown
in dashed lines.
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kinds of O. hupensis, and T. hortensis mt genomes, respectively. Ex-cept CTG (Leu), CCC (Pro) and CGC (Arg) are absent in T. hortensis
mt genome, all codons are used in four mt genomes but in varying
Table 1
Comparison of mitochondrial protein genes in O. hupensis hupensis, O. hupensis robertsoni and T. hortensis.
Protein O. hupensis hupensis O. hupensis robertsoni T. hortensis
Length Codon Length Codon Length Codon
bp aa Start Stop bp aa Start Stop bp aa Start Stop
COI 1536 511 ATG TAG 1536 511 ATG TAG 1536 511 ATG TAA
COII 687 228 ATG TAA 687 228 ATG TAG 687 228 ATG TAA
ATP8 159 52 ATG TAA 159 52 ATG TAA 159 52 ATG TAG
ATP6 696 231 ATG TAG 696 231 ATG TAA 696 231 ATG TAA
ND1 940 313 ATG Ta 940 313 ATG Ta 940 313 ATG Ta
ND6 501 166 ATG TAA 501 166 ATG TAA 501 166 ATG TAA
Cytb 1140 379 ATG TAG 1140 379 ATG TAG 1140 379 ATG TAA
ND4L 297 98 ATG TAG 297 98 ATG TAG 297 98 ATG TAG
ND4 1326 441 ATA TAA 1326 441 ATA TAA 1362 453 ATA TAA
ND5 1713 570 ATG TAA 1713 570 ATG TAG 1714 571 ATG Ta
COIII 780 259 ATG TAA 780 259 ATG TAA 780 259 ATG TAA
ND3 354 117 ATG TAA 354 117 ATG TAA 354 117 ATG TAA
ND2 1053 350 ATG TAA 1053 350 ATG TAA 1053 350 ATG TAA
a The gene ends in T, and posttranscriptional poly-adenylation may generate a complete a TAA termination codon. Difference in stop codon between
three genomes is underlined.
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ence of usage frequency for most codons are limited, from zero
to four, except TTA and TTG (Leu) which are eight and nine. The
lowest frequency observed is eight for two O. hupensis hupensis,
CGG (Arg) and CCC (Pro) in ribbed-shelled, CGG (Arg) and AGG
(Ser) in smooth-shelled. The lowest frequency observed is nine in
GCG (Ala) for O. hupensis robertsoni. For O. hupensis hupensis, the
codon ATT (Ile) (N = 267) and TTA (Leu) (N = 270) have the highest
frequency, respectively. For O. hupensis robertsoni and T. hortensis,
the most abundant codon are TTA (Leu) (N = 278, N = 393, respec-
tively). For all species, third codon positions show strong bias for
the bases A and T (Table 2).
3.2. Phylogenetic analysis of amino acid sequences
Because protein-coding genes of the two O. hupensis hupensis
samples are similar, the ribbed-shelled O. hupensis hupensis was
chosen for the phylogenetic analysis. Tree topologies generated
by the different building methods were completely the same and
supported by high posterior probability or bootstrap values at
main nodes (Fig. 4). The species within the Gastropoda were iden-
tiﬁed into four main lineages: Caenogastropoda, Vetigastropoda,
Patellogastropoda and Heterobranchia. Within the Heterobranchia,
both Pulmonata and Opisthobranchia were recovered to be poly-
phyletic, and P. dolabrata in the Pyramidelloidea was recovered
deep within Pulmonata and Opistobranchia, which is coincident
with the Gastropoda phylogentic tree constructed by Grande
et al. (2008). The interrelationship within Caenogastropoda
matches their published taxonomy, except that C. parthenopeum
is more closely related to Neogastropoda than to Littorinimorpha.
The ribbed-shelled O. hupensis hupensis is well closely related with
the smooth-shelled O. hupensis robertsoni, and then to T. hortensis,
forming a clade of Littorinimorpha which is in turn clusted with
other species in the Neogastropoda. All species in Caenogastropoda
have completely the same gene arrangement in their mt genomes,
and this high level of conservation is seldom found in other clades
of Gastropoda (Grande et al., 2008).
3.3. Comparison of pairwise alignments
The alignment of two kinds of O. hupensis hupensis is 15,191 bp
long, containing 2.6% variable ungapped characters, and the mean
genetic distance between them was 3.1% (for protein-coding genesonly). The alignment of O. hupensis hupensis and O. hupensis robert-
soni is 15,203 bp long, contains 10.3% variable ungapped charac-
ters, and the uncorrected pairwise distance between this pair of
taxa, for protein-coding genes only, was 12.1%. The alignment of
O. hupensis hupensis and T. hortensis is 15,228 bp long, containing
15.8% variable ungapped characters, and the mean genetic distance
between this pair of taxa was 17.4% (for protein-coding genes
only). The alignment of O. hupensis robertsoni and T. hortensis is
15,237 bp long, containing 16.0% variable ungapped characters,
and the mean genetic distance between this pair of taxa was
17.5% (for protein-coding genes only).
The distribution of divergent sites between O. hupensis hupensis
and O. hupensis robertsoni, between O. hupensis hupensis and T. hort-
ensis, between O. hupensis robertsoni and T. hortensis are shown in
Fig. 5a–c (window size 300 bp, step size 10 bp), respectively. The
nucleotide diversity between T. hortensis and two Oncomelania,
have similar distribution of divergent sites (Fig. 5b and c), and
are higher than the pair of two Oncomelania (Fig. 5a). A few fea-
tures are common between the alignments of all pairs. One is the
largest non-coding region between ND5 and CO3 genes, which
has the highest nucleotide diversity, and the posterior region is
much variable than anterior part in all pairs. A distinct difference
is the proﬁle of ND2; in alignment of O. hupensis hupensis-T. horten-
sis and O. hupensis robertsoni-T. hortensis, the ending part that ran-
ged from 14,744 to 15,074, and from 14,333 to 15,083 in windows
mid-point has the greatest nucleotide diversity (the whole win-
dows mid-point region is from 14,324 to 15,074 and from 14,333
to 15,083), respectively; but in O. hupensis hupensis-O. hupensis rob-
ertsoni, the beginning part that ranged from 14,359 to 14,559 has
higher nucleotide diversity than the posterior (the whole windows
mid-point region is from 14,299 to 15,056). The nucleotide diver-
sity of ND6 genes in the two pairs of Oncomelania-T. hortensis
was higher than most of other genes. But in alignment of O. hupen-
sis hupensis-O. hupensis robertsoni, the ND6 has a mean value in
diversity.
To check the co-variation between pairs, different window and
step sizes in the sliding window analyses (24/3, 1/1) were used,
with the exclusion of the tRNA and non-coding regions which
may not be truly homologous, and Pearson’s correlations of poly-
morphism between pairs were shown in Table 3. The levels of
divergence in all pairs are always correlated (P < 0.01), except
the divergence in O. hupensis hupensis-O. hupensis robertsoni and
O. hupensis hupensis-T. hortensis for ATP8 in sliding window size
Table 2
Codon usage in the 13 mitochondrial protein genes in O. hupensis hupensis, O. hupensis robertsoni and T. hortensis.
Amino
acid
Code N (RSCU) Amino
acid
Code N (RSCU)
O. h. hupensis
(ribbed-shelled)
O. h. hupensis
(smooth-shelled)
O. h.
robertsoni
T. hortensis O. h. hupensis
(ribbed-shelled)
O. h. hupensis
(smooth-shelled)
O. h.
robertsoni
T. hortensis
Phe (F) TTT 261 (1.65) 263 (1.66) 271 (1.70) 303 (1.85) Tyr (T) TAT 101 (1.41) 100 (1.40) 96 (1.33) 133 (1.82)
TTC 56 (0.35) 54 (0.34) 48 (0.30) 24 (0.15) TAC 42 (0.59) 43 (0.60) 48 (0.67) 13 (0.18)
Leu (L) TTA 262 (2.73) 270 (2.82) 278 (2.89) 392 (4.14) TER TAA 8 (1.33) 8 (1.33) 7 (1.17) 9 (1.64)
(UAA) TTG 40 (0.43) 31 (0.32) 63 (0.66) 35 (0.37) TAG 4 (0.67) 4 (0.67) 5 (0.83) 2 (0.36)
Leu (L) CTT 101 (1.05) 104 (1.09) 101 (1.05) 89 (0.94) His (H) CAT 62 (1.53) 61 (1.51) 55 (1.36) 72 (1.80)
(UAG) CTC 20 (0.21) 19 (0.20) 22 (0.23) 10 (0.11) CAC 19 (0.47) 20 (0.49) 26 (0.64) 8 (0.20)
CTA 124 (1.29) 122 (1.27) 93 (0.97) 42 (0.44) Gln (Q) CAA 49 (1.42) 49 (1.42) 53 (1.49) 64 (1.80)
CTG 28 (0.29) 29 (0.30) 20 (0.21) 0 (0.00) CAG 20 (0.58) 20 (0.58) 18 (0.51) 7 (0.20)
Ile (I) ATT 267 (1.71) 264 (1.70) 258 (1.68) 307 (1.89) Asn (N) AAT 88 (1.40) 91 (1.44) 93 (1.48) 124 (1.82)
ATC 46 (0.29) 46 (0.30) 50 (0.32) 18 (0.11) AAC 38 (0.60) 35 (0.56) 33 (0.52) 12 (0.18)
Met (M) ATA 136 (1.39) 138 (1.42) 134 (1.37) 187 (1.72) Lys (K) AAA 85 (1.73) 86 (1.77) 84 (1.71) 91 (1.77)
ATG 59 (0.61) 57 (0.58) 61 (0.63) 30 (0.28) AAG 13 (0.27) 11 (0.23) 14 (0.29) 12 (0.23)
Val (V) GTT 105 (1.83) 104 (1.82) 104 (1.81) 97 (1.71) Asp (D) GAT 55 (1.51) 54 (1.50) 52 (1.44) 61 (1.63)
GTC 12 (0.21) 13 (0.23) 14 (0.24) 11 (0.19) GAC 18 (0.49) 18 (0.50) 20 (0.56) 14 (0.37)
GTA 92 (1.61) 90 (1.57) 84 (1.46) 101 (1.78) Glu (E) GAA 65(1.41) 66 (1.42) 66 (1.42) 79 (1.88)
GTG 20 (0.35) 22 (0.38) 28 (0.49) 18 (0.32) GAG 27 (0.59) 27 (0.58) 27 (0.58) 5 (0.12)
Ser (S) TCT 111 (2.47) 110 (2.44) 108 (2.41) 120 (2.61) Cys (C) TGT 27 (1.38) 26 (1.37) 21 (1.14) 36 (1.80)
(UGA) TCC 19 (0.42) 21 (0.47) 27 (0.60) 15 (0.33) TGC 12 (0.62) 12 (0.63) 16 (0.86) 4 (0.20)
TCA 77 (1.71) 80 (1.77) 76 (1.69) 93 (2.02) Trp (W) TGA 80 (1.50) 84 (1.56) 79 (1.46) 98 (1.83)
TCG 19 (0.42) 17 (0.38) 17 (0.38) 3 (0.07) TGG 27 (0.50) 24 (0.44) 29 (0.54) 9 (0.17)
Pro (P) CCT 37 (1.03) 36 (1.01) 34 (0.95) 51 (1.51) Arg (R) CGT 12 (0.76) 13 (0.83) 13 (0.81) 22 (1.40)
CCC 8 (0.22) 9 (0.25) 12 (0.34) 0 (0.00) CGC 10 (0.63) 9 (0.57) 10 (0.63) 0 (0.00)
CCA 70 (1.96) 71 (1.99) 62 (1.73) 81 (2.40) CGA 33 (2.10) 33 (2.10) 25 (1.56) 34 (2.16)
CCG 28 (0.78) 27 (0.76) 35 (0.98) 3 (0.09) CGG 8 (0.51) 8 (0.51) 16 (1.00) 7 (0.44)
Thr (T) ACT 79 (1.72) 80 (1.74) 74 (1.59) 92 (1.99) Ser (S) AGT 43 (0.96) 39 (0.86) 32 (0.71) 57 (1.24)
ACC 17 (0.37) 17 (0.37) 26 (0.56) 12 (0.26) (UCU) AGC 26 (0.58) 30 (0.66) 34 (0.76) 9 (0.20)
ACA 68 (1.48) 70 (1.52) 70 (1.51) 76 (1.64) AGA 55 (1.22) 56 (1.24) 47 (1.05) 67 (1.46)
ACG 20 (0.43) 17 (0.37) 16 (0.34) 5 (0.11) AGG 10 (0.22) 8 (0.18) 18 (0.40) 4 (0.09)
Ala (A) GCT 116 (1.71) 118 (1.72) 124 (1.84) 131 (2.16) Gly (G) GGT 62 (1.05) 61 (1.03) 64 (1.09) 74 (1.30)
GCC 51 (0.75) 50 (0.73) 46 (0.68) 25 (0.41) GGC 35 (0.59) 35 (0.59) 36 (0.62) 12 (0.21)
GCA 93 (1.37) 95 (1.39) 91 (1.35) 80 (1.32) GGA 70 (1.19) 73 (1.23) 64 (1.09) 118 (2.07)
GCG 11 (0.16) 11 (0.16) 9 (0.13) 7 (0.12) GGG 69 (1.17) 68 (1.15) 70 (1.20) 24 (0.42)
N: number of occurrence of the codon.
RSCU: relative synonymous codon usage.
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inter-genus variation at a particular site, there is also likely to be
intraspeciﬁc or interspeciﬁc variation at that site. For most pro-
tein-coding genes, every-third position contained more divergent
sites, conﬁrming that third codon positions evolve more rapidly
although the ﬁrst and/or second codon positions also showed
divergence in some protein genes.4. Discussion
We have sequenced and characterized the organization of mito-
chondrial genomes of ribbed-shelled Oncomelania hupensis hupen-
sis, smooth-shelled but with varix O. hupensis hupensis, smooth-
shelled without varix O. hupensis robertsoni, and T. hortensi. A rela-
tively high level of conservation in the order of genes was observed
in these genomes, and this is also the case for other thirteen mito-
chondrial genomes reported for molluscs in the Caenogastropoda.
Furthermore, the protein-coding genes, except ND4 and ND5, are
identical in length among the snails investigated in the present
study, and especially for three kinds of Oncomelania, the ND4 and
ND5 also have the same base number, respectively. The tRNAs
and rRNAs have the same arrangement in genomes and secondary
structures with only a few changes in size and base element. Even
the non-coding regions also show a similar pattern in their location
in the genomes, e.g., between gene COI and COII, COII and
tRNAAsp(D), ATP8 and ATP6 (Fig. 1), etc. This high conservation
may verify the close lineage relationship of Oncomelania and Tric-
ula in the Pomatiopsidae, as also revealed in the present phylogen-
tic analysis.However, uneven distribution was observed in the codon usage
of protein-coding genes in the mitochondrial genomes between
the two genera, i.e., Oncomelania and Tricula, and even between
the ribbed-shelled and smooth-shelled O. hupensis hupensis, result-
ing in a high degree of diversity in mitochondrial genomes at the
intra- and inter-species levels in the Pomatiopsidae. But, the pair-
wise comparison only revealed a limited degree of variation (3.1%
in mean genetic distance) between the two kinds of O. hupensis
hupensis, which may support, at least to some extent, the opinion
by Wilke et al. (2000) that low genetic diversity existed between
ribbed-shelled and smooth-shelled O. hupensis in mid-low reaches
of the Yantgze River. Other authors also reported a low level of ge-
netic variation between the ribbed-shelled, and smooth-shelled
with varix, O. hupensis hupensis. Davis and Ruff (1973) and Davis
et al. (1995, 1999b) considered that, by using allozymes, ribbing
is controlled by a single gene with multiple alleles and that there
was no difference in the snail populations in Miao River, Hubei
Province where both the ribbed-shelled and smooth-shelled with
varix types existed. However, this previously reported limited de-
gree in genetic variation is likely to be discordant with the differ-
ence in frequency of codon usage detected in mt genomes in the
present study. The uneven distribution of codon usage in our study
may imply a much more complexed relationship than previously
recognized, between ribbed-shelled and smooth-shelled with varix
O. hupensis hupensis. However, further investigation with more
powerful molecular tools should be employed to investigate the
relationship between the two types of O. hupensis hupensis.
The genetic diversity, as revealed at the levels of entire mito-
chondrial genome (10.3%) and mitochondrial protein-coding genes
(12%) was high between the two sub-species, the ribbed-shelled O.
Fig. 4. The phylogenetic relationship of the Gastropoda inferred from BI and ML based on aligned amino acids sequences of 13 mitochondrial protein-coding genes. Values
beside the branch represent the bootstrap values and posterior probabilities (BI/ML). The cephalopod S. Ofﬁcinaliswas used as the outgroup. The scale below the tree indicates
0.1 substitutions per site.
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This variation may be considered as extremely high if at intra-spe-
cies level, even though it is lower than that between genera com-
parisons, 15.8% and 17.4% at levels of genome and protein-coding
genes, respectively for comparison between O. hupensis hupensis
and T. hortensoni, and 16% and 17.5% between O. hupensis robertsoni
and T. hortensis, and even lower than other comparisons (26–30%)
for species in different family or order (Bandyopadhyay et al., 2006,
2008; Simison et al., 2006). In consideration of the difference in
morphology and distribution (for details see Liu et al., 1981 and
Davis et al., 1995), and in mitochondrial genomes as revealed in
the present study, the ribbed-shelled O. hupensis hupensis and the
smooth-shelled O. hupensis robertsoni may be considered as sepa-rate species, rather than sub-species. A recent ﬁnding also provides
supporting evidence for the conclusion (Zhao et al., 2010), that no
single haplotype was shared between the smooth-shelled O. hup-
ensis robertsoni collected in mountainous areas of Yunnan and Sich-
uan Provinces and O. hupensis hupensis in Hubei, Hunan, Anhui,
Jiangxi and Jiangsu Provinces in mid-low reaches of Yangtze River.
Tricula hortensis, a snail intermediate host identiﬁed several
years ago by Attwood et al. (2003), was proved to have certain ge-
netic difference with Oncomelania in mt genomes, but is phyloge-
netically related closely with the clade containing O. hupensis
hupensis and O. hupensis robertsoni. This phylogenetic result is con-
sistent with the traditional taxonomy of the Pomatiopsidae, which
includes two subfamilies, the Pomatiopsiane and the Triculinae
Fig. 5. Sliding window analysis of the alignment between O. hupensis hupensis and O. hupensis robertsoni (a), between O. hupensis hupensis and T. hortensis (b), between O.
hupensis robertsoni and T. hortensis (c). The line shows the value of nucleotide diversity (p) in a sliding window analysis of window size 300 bp with step size 10, the value is
inserted at its mid-point. Gene boundaries are indicated at the bottom.
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hypothesis proposed by Attwood et al. (2003) that the adaptation
of the Triculinae in new amphibious habitat would have brought
S. sinensium into contact with oncomelanid snails, which may have
implication for evolution of S. japonicum, without understanding
the phylogenetic relationship among schistosomes obtained from
their snail hosts. Davis (1979) also proposed a Gondwanan origin
for the Pomatiopsidae, with rafting to mainland Asia and coloniza-
tion of southeast Asia and China (Tibet/Yunnan), in order to explain
the current deployment and phylogeography of the Triculinae and
the Gondwanan distribution of the Pomatiopsidae. Tricula snails
arrived in southwestern China from India, colonized parts of whatare present of Yunnan and Sichuan, and Tibet orogeny dispersed
the triculine snails into different lineages, down with their respec-
tive river systems (Attwood et al., 2002b). The most extensive
triculine radiation seems to occur in the lower reaches of the major
rivers in the region, Mekong and Yangtze Rivers, with less taxa
found around Yunnan, close to the origin of Mekong and Yangtze
Rivers. Along the Yangtze River, some Neotricula showed an exten-
sive radiation in Hunan and Hubei Provinces in the middle Yangtze
River. In the lower Mekong River, the derived snail Robertsiella and
Neotricula, which are plesiomorphic in relation to corresponding
characters in Tricula, also showed a large radiation, while as the lin-
eages of intermediate hosts for Asian schistosomes (Attwood et al.,
Table 3
Summary of sliding window analysis, Pearson’s correlation of
variance between different pairs.
Gene Correlation of polymorphism between pairs
O. hupensis
hupensis–O.
hupensis
robertsoni
O. hupensis
hupensis–T.
hortensis
O. hupensis
robertsoni–T.
hortensis
24_3 1_1 24_3 1_1 24_3 1_1
CO1 0.447 0.460 0.220 0.425 0.548 0.620
CO2 0.423 0.427 0.410 0.394 0.736 0.657
ATP8 0.427* 0.414 0.122* 0.455 0.719 0.560
ATP6 0.676 0.512 0.380 0.332 0.667 0.670
ND1 0.411 0.421 0.317 0.377 0.718 0.653
ND6 0.405 0.370 0.484 0.348 0.689 0.669
Cytb 0.410 0.377 0.377 0.407 0.709 0.662
ND4L 0.318 0.497 0.420 0.338 0.617 0.695
ND4 0.395 0.359 0.355 0.407 0.653 0.641
ND5 0.434 0.357 0.392 0.401 0.673 0.632
CO3 0.522 0.347 0.589 0.461 0.707 0.657
ND2 0.338 0.322 0.370 0.360 0.824 0.641
rrnS 0.493 0.199 0.324 0.216 0.917 0.800
rrnL 0.707 0.109 0.692 0.155 0.885 0.212
24_3, 1_1 means the window size and step size in sliding win-
dow analysis.
* P > 0.05.
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studies in understanding the origin and evolution of Asian schisto-
somes and snail hosts. Further investigations on the phylogenetic
relationship of schistosomes in southeast Asia and of their inter-
mediate host snails may provide necessary information for under-
standing the speciation and geographical distribution of the
complexed host–parasite system in the region.
It has been documented that longer genes generally contain
more variable characters with proportionally more signals, and
hence offer better resolution than shorter ones for phylogenetic
analysis (Yang and Bielawski, 2000; Boore et al., 2005). Hardman
and Hardman (2006) concluded that any 4000 bp of alignable mt
sequence data would yield accurate phylogenetic estimates.
Accordingly, we believe that analyses using entire mitochondrial
genomes yield much more accurate trees than analyses with single
or even small sets of genes. In this study, we investigated complete
protein-coding genes of 32 published gastropod species that pro-
duced 4044 length of alignable amino acids sequences. Most of
the phylogenetic clades shown in the present study matched with
the recent taxonomy and phylogeny of Gastropoda (Bouchet and
Rocroi, 2005; Grande et al., 2008), although a bit opposite to the
traditional subclasses of Gastropoda (i.e., Prosobranchia, Opistho-
branchia, and Pulmonata), which was already discussed well by
Grande et al. (2008) and may be just beyond the topic of the pres-
ent study. However, some questions still remain regarding the
relationship of Caenogastropoda and Heterobranchia, two of which
were thought as sister groups comprising the Apogastropoda; but
in the present study, Vetigastropoda showed a closer relationship
with Caenogastropoda than Heterobranchia. Another question is
the position of Patellogastropoda L. digitalis, which has a unique
mt gene order and a long branch compared to other gastropods
in phylogenetic analyses (Colgan et al., 2003; Grande et al.,
2008), but still showed closer relationship with Heterobranchia
than with other taxa. More representatives of Vetigastropoda and
Patellogastropoda need to be analyzed in order to resolve theirphylogenetic positions. There is some support for clustering the
C. parthenopeum within the Neogastropoda, which is in contrast
with the classical view that C. parthenopeum was assigned to the
Littorinimorpha, and which may alternatively suggest the poly-
phyly of Littorinimorpha; nevertheless further research is needed
before their phylogenetic relationships can be understood.
With complete mt genomes available for a number of closely re-
lated species, we can test empirically the phylogenetic utility of
individual genes and determine regions of the genomes that con-
tain the greatest interspeciﬁc or intraspeciﬁc variation for ecologi-
cal and diagnostic markers. In addition, sliding window analysis
provides a rapid means for identifying novel oligonucleotide prim-
ers in capturing sequence variability in short PCR ampliﬁcation
(Zarowiecki et al., 2007). In this study, the polymorphism of most
mt genes are highly correlated at the level of inter- or intra-species,
suggesting that several variable genes such as ND2, ND3, ND4, CO3,
ND5 and ND6 were suitable as candidate markers for phylogenetic,
and even population genetic studies. Especially for ND2, ND5 and
ND6, no matter which pair or which analysis method were used,
these genes showed higher nucleotide diversity than other genes
(0.132–0.209, 0.141–0.207 and 0.136–0.218 for ND2, ND5 and
ND6, respectively). Considering the gene size, the lowest length
variance and the highest information, ND2 and ND5 can be consid-
ered as the best markers in future phylogenetic and population
studies of the snails. Obviously, these genes are also more variable
than the COI fragment in this study (0.114–0.149 for COI), support-
ing the opinion of Will et al. (2005) and Zarowiecki et al. (2007)
that COI may not be the most informative or most suitable for all
taxa although it has commonly been chosen as molecular markers
(Hebert and Gregory, 2005). This is also true for some gastropods;
for example in the genus Biomphalaria, the COI has a much lower
variation (0.089) than the mt average diversity (0.142) or other sin-
gle coding gene (maximum was 0.268 for ATP8 and minimum
0.119 for COIII).
In conclusion, the complete mitochondrial genomes were for
the ﬁrst time sequenced for Oncomelania and Tricula, the snail
intermediate hosts of S. japonicum and S. sinensium. The ribbed-
shelled O. hupensis hupensis are phylogenetically clustered with
the smooth-shelled O. hupensis robertsoni, and then with Tricula
hortensis, being consistent with traditional taxonomy in the Pomat-
iopsidae. However, the more than 10% difference between the gen-
omes of O. hupensis hupensis and O. hupensis robertsoni may imply
that they should be considered as independent species. This high
genetic diversity may imply that O. hupensis in China have evolved
towards different directions under the pressure of ecological envi-
ronments and probably the parasite as well. Further investigations
on phylogenetic relationship of snail intermediate hosts, Asian
schistosomes may provide clues for understanding the speciation
and probably the evolution of the host–parasite system.Acknowledgments
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Appendix A
List of primers used for ampliﬁcation and sequencing of whole mitochondrial genomes.
Primer Ribbed-shelled O. hupensis hupensis (50–30) Smooth-shelled O. hupensis hupensis (50–30) O. hupensis robertsoni (50–30) T. hortensis (50–30)
COIF AATTCGTGCAGAGTTAGGG / AATTCGTGCAGAGTTAGGG GATGATCAACTTTATAATGTAAAG
COIR GATGAAACACCAGCCAGAT / GATGAAACACCAGCCAGAT TATTGTAATAGCACCAGC
CytbF GTTGACTTTTACGGGCACTTC / TTGCTATCAGCTATTCCGTATG CACTTTACAGCTCATGTAGA
CytbR TATCAACAGCAAAACCACCTC / TTTATGGTTGCGGCTTCT AAGAAAATACCATTCAGG
LA1F AGTTCCTCTTATACTAGGGGCTCCTGACA / CCACTAATACTCGGGGCTCCTGATA ACGACTTCCATTATTTGTTTGGTCTGTA
LA1R CTGCAATGCCGAAAGGTAGTACAAAAT / CAGCAAAACCACCTCAAACTCATTCAA AGCTCCTCAAAAAGATATTTGTCCTCAT
LA2F ATTTTGTACTACCTTTCGGCATTGCAG / TTGAATGAGTTTGAGGTGGTTTTGCTG ATGAGGACAAATATCTTTTTGAGGAGCT
LA2R TGTCAGGAGCCCCTAGTATAAGAGGAACT / TATCAGGAGCCCCGAGTATTAGTGG TACAGACCAAACAAATAATGGAAGTCGT
1F CGCTGGTGGCTCTGTTGAT TGCCACGGCGATACTCTG CGCTGGTGGCTCTGTTGAT ACTGCCGTATTGCTTTTATTATCTC
1R AAAGGCGTAAAGATGGTAAGG AGGGACTGCCCACGAATG AAAGGCGTAAAGATGGTAAGG TGCCGTAAAATAAGCCCGAGT
2F GACCTGGAAAGCGGAGAT GACCTGGAAAGCGGAGAT AGAGCTGGGCACATTGTTT TATGCCACGACGATATTCAGA
2R CACCCATTGGTAGTAAGCC CACCCATTGGTAGTAAGCC CAGTGTTTAGGGCACGAAGA CATAACGTGGACTCATAACTCAA
3F AGAGCTGGGCACATTGTTT TAGTCATTTAGCTGTATCCCTT GTAAAGTCCCACTAACACCAG AGGAAACTGTATCTGCTCAAA
3R CAGTGTTTAGGGCACGAAGA TCTAATCCCAGTTTCCCTC GCCACATTTACTTACTACTGCT AAACAATATGCCCAGCTCTTA
4F GTAAAGTCCCACTAACACCAG GTAAAGTCCCACTAACACCAG GGGGAAATAGCACTAATCTT AGTCTATTGCCTAAACTCGG
4R GCCACATTTACTTACTACTGCT GCCACATTTACTTACTACTGCT TTCTTGTCGCAGGTTAGC TTTGTAGTACCCTGGTATTGAT
5F AGCAGTAGTAAGTAAATGTGGC GGGCGACCGAAATCTTAT CTGCTAACCTGCGACAAG AATTTCTCGAAATTCGATGAGC
5R TGATAAACAGGCAGAGCAA GCTCGATAGGGTCTTCTTGT GAGGAATAGGCAATTAACGA GTAAACCAGCAATGCCAACTT
6F TTGAGGGCTAGTATGAATGG TTGAGGGCTAGTATGAATGG CCACTGGCATAACTGCTG ACTATTAGGAAGATTACGAGCCA
6R CGGAGCGGAGTATGTTGAT CGGAGCGGAGTATGTTGAT GGCTAATCCCGAGGTCAA AAGAGCCCGTAAGAGTCAACC
7F TTATCAACATACTCCGCTCC ATCAACATACTCCGCTCCG GCGAGGCAACTTATCAGGG GCTAGGCAAAATAGAGTAAAA
7R ACCCATAATACATCCCTCG ATGCTGCAATGCCGAAAG TGCCACCTCCCAAGTAAAA GAACAAAACCCATGAGATA
8F TTGCTATCAGCTATTCCGTATG TTGCTATCAGCTATTCCGTATG TAAGATATGAGCCTATGAGGACA TAGCAAATCGAATTGGCG
8R TTTATGGTTGCGGCTTCT TTTATGGTTGCGGCTTCT TAAGTAGTTCCCGATCAGCGT CCTATAGAGCGAATATCTTG
9F GGGGAAATAGCACTAATCTT TGCCTGTCCAGTTGAAGC TCTACTGCTTTAACTCAGCCACC GGCTTGCGTTGAGGTATAAT
9R TTCTTGTCGCAGGTTAGC CGGAAGATTCCATAGCCAC CAAGATTTTCACAGCCTCAAC TATCAAGCAGCTGCTTCAAAC
10F CTGCTAACCTGCGACAAG CTGCTAACCTGCGACAAG CATGGTTTAGCTAGAGAATGC TACTCAGGCTATAGGATCTA
10R GAGGAATAGGCAATTAACGA GAGGAATAGGCAATTAACGA CCACCTCAAACTCATTCAAC ATTAGCATATCACAACCTTA
11F GGTATAGGGCATTACTTGC AATTAGGTGGCTATGGAATC TGCTCAGCCCACTCAATAG ACGAAACTGGATCAAATAACCC
11R AAGTATTCCGGCTCCTAA TTGTTGTTGCTCAGTTTACG CGTTCTGGTTGATACCCTCA CTGGCTGGTATCCTCAACCT
12F CCACTGGCATAACTGCTG CCACTGGCATAACTGCTG TGAGGGTATCAACCAGAACG ACTAGCTATTTGAGGTGGTGTT
12R GGCTAATCCCGAGGTCAA GGCTAATCCCGAGGTCAA CCACTTGGCGAAAGCAGAC CTGCTGGTAATCATGCTGA
13F GCGAGGCAACTTATCAGGG GCGAGGCAACTTATCAGGG CAAGCAATGGAATACTATGAGG TATTAGCAGGAATTGGTGCC
13R TGCCACCTCCCAAGTAAAA TGCCACCTCCCAAGTAAAA CAATTACCAAAGCCACCAA ATTGGCGGTCAACAAGAAC
14F GCTTCCTCGAATATCTTGTT ATAGTAGAGCATGGCACTGA CAAGCATCGTCTGCTTTCG TGTAGCCACAGGATTTCAT
14R AAGTCCAGCCCACATACC AGAAGCAAACTTCCGATG TGTTGTTGCCCAATTTACG CAAAGTTAGCAGCCCTGT
15F / TCGGAAGATTAACGAGATATG CGGGTTCTATGGGAGCATT CATGAATGAAATGAAGGCTC
15R / AATATGCCCGAGTATCCAC ACCGTAAGCACCATCAGCA GCTATGTCTGAAGCTCCTAA
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